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THE USE OF CO AND CO2 LASERS TO DETECT

POLLUTANTS IN THE ATMOSPHERE

by

Robert T. Menzies

California Institute of Technology
Pasadena, California

Abstract

Several spectral coincidences between CO laser emission lines

* Iand infrared absorption lines of oxides of nitrogen have recently been

observed. Using existing infrared spectroscopy data, we predict additional

spectral coincidences; the Q-switched CO laser emits certain lines which

overlap SO2 absorption lines, and certain frequency doubled CO2 laser

lines overhp NO and CO absorption lines. Other spectral overlaps

involving the CO2 laser have been reported elsewhere. Based on such

coincidences remote sensing of these atmospheric constituents can be

accomplished by observing resonant abcorption, thermal emission, or

fluorescence. We discuss sensitivities for each of these methods, using

data on line strengths and pressure broadened line widths. Wide band

heterodyne receivers offer high sensitivity when they can be used; our

discussion includes the use of this type of receiver system.
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Introduction

There are two basic laser systems which have the capability of

sensing certain molecular constituents in the atmosphere. One system

involves visible or, preferably, ultraviolet radiation and interacts

with electronfc transitions; the other system uses infrared radiation,

which interacts with the nuclear vibration-rotation resonances.

Lidar systems which have been developed to date have predominantly

used visible or ultraviolet radiation. (References [] and [2] review

X applications and present developments of the lidar technique). The

fi use of these sources of radiation for sensing molecular constituents

is usually confined to the observation of Raman scattering, a relatively

weak interaction efiect, although resonant Raman scattering, absorption,

or fluorescence could be observed if strong sources of ultraviolet

radiation were developed which emitted frequencies matching the strong

I electronic excitation frequencies of the molecules. At present this has

not been accomplished for many of the major pollutant molecules.

Infrared lasers cover a broad region of the spectrum, and many

of the laser emissions overlap absorption lines of various molecules

(3,4]., Numerous molecules exhibit absorption bands in the 2 - 15 micron

region of the infrared [5]; hence lasers in this spectral range can be

used to detect several molecular constituents by observing selective

absorption of certain laser lines passing through a path of interest in

a doubl'.-ended systcm, or, in the case of monitoring smoke stack efflu-

ents, by obae:ving certain thermal emission lines with a remote hetero-

dyne radiometer. For other applications a single-ended system which
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could record fluorescence from a pulsed infrared laser transmitter

would be valuable for remote monitoring. (Fluoresc-nce cross sections

are several orders of magnitude larger than Raman scattering cross

sections. After taking fluorescence quenching into account, the process

is in most cases still more efficient in providing a return signal

than Raman scattering.) These three configurations are sketched in

Figures 1 and 2.

High power lasers are needed to obtain suitable sensitivities

with the fluorescence type of system. At present the CO2 and CO lasers

offer high enough power output in the infrared to be useful for remote

laser fluorescence detection. These two lasers are capable of emitting

hundreds of different lines in the region of the infrared where numerous

molecular abcorption bands occur, 1uciuding thor of NO, NO2, 03) SO2,

and CO. Hence their applicability to remote sensing should not be over-

looked.

Several important spectral coincidences which were not listed in

reference [3] are reported in the following section. Line strengths and

pressure broadened line widths for various infrared absorption lines are

then discussed, along with sensitivities of instruments which measure

direct absorption of select laser lines. The next sections involve

sensitivity calculations for thermal emission heterodyne radiometer

receivers and for fluorescence receivers, both of which are single-ended,

with the latter system using a pulsed laser transmitter. Quenching of

fluorescence iG discussed; quenching data for the NO fundamental band

fluorescence is available in the literature, and similar quenching data

for other molecules is estimated for purposes of sensitivity calculations.



4.

Spectral Coincidences

Table I lists several spectral overlaps involving the CO and CO2

lasers. The available wave number data is not listed here; for further

information regarding the absorber line identifications see reference [4]

and the others listed in the table. It is quite probable that many more

pollutants absorb certain lines of these two lasers; P. Hanst (3] has

noted that the CO2 laser can be made to emit certain lines which are

selectively absorbed by 03 (ozone) and SO2, although the latter inter-

action is a weak one.

In order to predict spectral coincidences, it is of course

necessary to have accurate spectroscopic data available. Because the

pressure broadened half-widths of the typical pollutant absorption lines

are of the order of .05 cm~  when they are in the atmosphere, data which

is accurate to a few hundredths of a wavenumber is necessary. The wave-

lengths of the multitude of lines which the liquid-nitrogen cooled,

Q-switched CO laser emits are known to within a few hundredths of

a wavenumber [7,10]. However the CO laser emits many other lines when

it is running at higher temperatures [13]; careful measuremer,ts of these

wavelengths would be helpful.

Recently very accurate spectroscopic data for several simple

molecules has become available as a result of work done by K. N. Rao

and others at the Ohio State University. Carbon monoxide and nitrogen

dioxide are two examples. As a result, we are able to predict coincidences

involving these molecules with a high degree of certainty. For example

the frequency-doubled P(20) line of the 00*1 -02O band from the CO2

laser is found to lie within .01 cm 1 of the P(5) line in the CO funda-

mental band.
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Our criginal predictions of coincidences between CO laser

lines and NO absorption lines was based on the work of Shaw [6]. However

as a result of laboratory measurements [4], we have found his wavenumber

data tc be a few hundredths of a wavenumber too high. More accurate

studies of this band are presently under way at the Ohio State University.

The SO2 data which we used is that of Shelton and Nielsen [9]; further

investigation of these predicted coincidences should be undertaken.

Absorption StLengths

The absorption lines of molecules in the atmosphere take the form:

S AV____
k(V) = - 2 2 (1)(V-VO)I + Av2

near their line centers, where S is the line strength, '10 is the center

frequency, and Av is the pressure broadened line width.

The line strength of a particular transition in a vibration-

rotation band is dependent on the number of molecules in the initial energy

level and on the quantum numbers describing the level. The transition

matrix elements for ths lines in the CO fundamental band are t. form [141

2

I o ,lit 1j K 01 si (2)

where K01 is dependent on the oand strength, and S depends on the

total angular momentum of the initial L-vel. Sj - J for the P-branch

and Si a J + 1 for the R branch, where J is the total angular momentum

of the lower, or initial level. The number of molecules in a given level

can be calculated quickly from the formulae:
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N- (N/Qr)(2J + 1) exp[-F(J)hc/kT], (3)

where F(J) t BJ(J + 1) (4)

anL Qr = (2J + 1) exp[-F(J)hc/kT] (5)

J

kT/hcB

and where N Ni, r rotational partition function, F(J) =
J

energy of Jth rotational level. The line strength, line width, and

partition function data for NO are slightly more complicated due to the

2
fact that the electronie ground state is a n doublet. References

(15,16] contain detailed calculations and some experimental results for

-1
NO. A typical value fo. an NO line strength in this band is 1 cm 

lati cm.

The line strengths for the nonlinear triatomic molecules SO2 and NO2

are much more difficult to calculate. One can estimate line strengthg

in these cases by dbtaining band intensity data, which is available in

*the literature, followed by a study of the relative line strengths in a

I high reaolution band absorption spectrum.

The last column V, Table I Lives the concentrations in parts

i per million necessary to produce a IX decrease in signal strength as the

cited laser line passes througi a 100 moter path. For example the

abaorption coefficient k(v) of the N R(18 ), Q - 3/2 line, at
i -l

v - 1935.48 cm , the frequency of the 7-6 band, P(13) CO laser line,

is about 2 atm cam.

I Water vapor absorption can cause considerable interference in 'he

!1
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5-P to 8-W region. However several laser lines in this region which

are suitably displaced from water vapor lines sho, ld be able to pass

through kilometer path lengths of the atmosphere with only a few per

cent absorption due to water vapor. References (171 through [211 con-

tain data on the water vapor V 2 band line strengths and their loca-

tions; using these works one can predict which laser lines should be

influenced least by water vapor absorption. Eventually field data for

various humidity levels would be necessary as a matter of calibration.

The Heterodyne Radiometer Receiver

Since molecules thermally radiate at the same wavelengths which

they absorb, a heterodyne radiometer using an overlapping laser line

as a local oscillator signal would be able to selectively sense a

particular pollutant In smoke stack emissions from a remote location.

Heterodyne receivers with 1 Gft IF bandwidth capability have been con-

-1
structed. Since the molecular emission line widths are about .1 cm

or 3 GH& (full width at half maximum intensity), a heterodyne receiver

which responds to radiation within + I GCz of the laser line would

cover virtually the entire linewIdth.

The heterodyne receiver should have the capability of operating

with tvo closely spaced laser L.o. lines, one of which overlaps the

pollutant's emission line. Then if neither loser line overlapped nome

other molecular etissiou line, the receiver would selectively sense

thermal emission from the pollutant of interest, in addition to a

broad-band background radiation. In the 4-i to 8-u region most of the

.lear sky back round radiation comes from thermal emission of water



vapor molecules (22]. By carefully picking wavelength regions which

do not overlap water ' ., lines, one should be able to operate in a

region in which sky background radiation is one-tenth that of a 300 ° K

blackbody or less. For example the region near the 7-6 band, P(13)

CO laser line previously mentiored is not near any water vapor emission

l1ies and could be used to sense NO.

The noise equivalent power (N.E.P.) for a Dicke type heterodyne

infrared radiometer is (23-25]

N.E.P. - hv 1 (6)
1i BIF.

where v is the frequency at which the radiometer is sensitive, rY is

the quantum efficiency of the mixer, B is the IF bandwidth, and T is the

post-detection integration time,

The infrared heterodyne Aiiometer is, in effect, both a receiver

and an antenna [26). It has an effective aperture A (SI) for planee

waves in the right wavelength region which are incident from any direc-

tion Q. In reference [261 it is shown that for any heterodyne configu-

ration the integrated effective aperture is

J f Ae(l)dflt X (7)

where X is the wavelength to which the receiver is sens.itive. For a

configuration such as that shown in Figure 3. the solid angu'dr field of

view is

2

D2
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When the heterodyne receiver is pointing at a portion of the sky,

the received power pcr unit bandwidth will be

S 1 fJB(e,) Ae(e")dS , (9)

where B(O) is the sky brightness in watts m-2 Hz-I rad-2 , and the

direction e - 0, - 0 correspoiQ- to the optic axis of the configuration

shown in Figure 3. The factor of 1/2 takes care of the fact that the

local oscillator is linearly polarized. If the sky could be characterized

as a blackbody at 3000K in the spectral region at which the receiver is

sensitive (A 5.25-P, for example), then

B= 2hV3  1 (0
B 2 hV/kT (10)
c e - 1

= 5 x 10-17 watts/cm2 Hz rae2

and

w 1 B X2 i x 10-24 watts/Hz

The N.E.P. for a heterodyne receiver operating at A = 5.25-p, using

equation X6) and assuming n = , 10F H 109 Hz, T = 10 sec., would be

1 -25(hv/n) --- 6 x 10 watts/HzB IF "

Thus the signal tn noise ratio in this case would be 10 if a reflecting

chopper were used which directed the receiver to a cold reference body

(TR < 220"K).

RI
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Let us calculate the sensitivity of a heterodyne receiver to NO

coming out of a stack, assuming the receiver Is using the 7-6 band,

P(13) CO laser line, previously mentioned, as a local oscillator signal.

Using the fact that the absorption coefficient of NO at this wavelength

is a(X) - 2 x 10 p.p.m cm (p.p.m. stands for parts per million),

and using Kirchoff's law to obtain the emissivity E(X) of the NO sample:

'()/I () = 1 - E() , (11)

where I() and I (X) are the transmitted and incident intensities of
0

radiation at wavelength X passing through the sample, we arrive at the

value

E(X) =2 x i0 - 6 p.P.m-1 cm - l

for NO at the wavelength of the 7-6 band, P(13) CO laser line. If we

use the heterodyne radiometer discussed in the previous paragraph to

detect NO emitted from a stack whose effluent temperature is 350*K, then

4a concentration-depth of 10 p.p.m. cm would give a unity signal to

noise ratio. This would correspond to 100 p.p.m. in a path depth of

1 meter. If the temperature of the effluent gases were 440*K, a concen-

tration of 20 p.p.m. in a path depth of 1 meter would give a unity signal

to noise ratio. Figure 4 plots the concentration-depth of NO at 390*K

necessary to give a unity signal to noise ratio using a receiver with

various values of BIF.T. These figures assume the NO sample is filling

the field of view of the receiver.

If the pollutant is confined to a region which does not fill the

field-of-view of he receiver, then the sensitivity of the receiver is
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smaller. Using equation (9), and considering the case where

B(0,0) - B1  for 0 < 0,$ <fS

and

B(e,o) - B for P<

where P is the solid angle subtended by the pollutant plume or cloud,
p

and 0A is the solid angular field of view of the receiver, the apparent

brightness when the receivar is pointing toward the plume is

B I IB(O,O)A(6,0) d(
A (12)J J Ae(O,*) d

(Blip + B Q )A
0 OA2

where A is the area of the collecting lens in Figure 3. The received

power per unit bandwidth will be

w 2 BA Z (BlQ p + BilA)A (13)

In practice the solid angular field-of-view of an infrared hctero-

dyne radiometer can easily be as small as desired in order to detect

bamples of pollutants emanating fror stacks at distances of kilometers

without loss of efficiency due to this matter.

Turbulence in the atmosphere will degrade the phase fronts of nearly

plane waves traveling from the radiation source to the distant heterodyne

receiver. Phase front degradation will reduce efficiency of the receiver.
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However Fried [27] has shown that for receivers operating at 5-u wavelength

receiving apertures can be made as large as a meter in diameter with

very little loss in heterodyne efficiency over a range of several kilo-

meters. A receiving mirror of 1 meter diameter would give the receiver

-11 2a solid angular field of view of -2.5 x 10 rad , which means a sample

of 1 cm2 cross section would fill the receiver field of view at a range

of 2 kilometers.

The presence of a large background concentration of a particular

pollutant can hamper the effectiveness of this type of receiver when it

is used to remotely monitor emissioi.s of that pollutant from a stack.

The loss in sensitivity occurs largely because of the absorption of

the thermal radiation along the path from the stack to the receiver.

Following a development similar to that found in Chapter 3 of reference

[25], we can compute the signal received from a pollutant arising from

a stack when in a background concentration of the same constitent.

First we write an expression for the brightness of the radiating volume

of the stack plume which is in the receiver field-of-view, assuming no

background concentration:
r2

B L* f j p, dr jP (~r - r,) (14)
r 1

where Jl - emission coefficient, watts/kg - Hz, p1 - density of constit-

uent in the volume kg/m3 , and rI, r2 are the radial distances of the

plume boundaries from the receiver. Expression (14) assumes resonant

absorption of the thermally emitted radiation as it passes through the

plume is negligible. To take this into account, consider the effective
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brightness of a layer between r and r + dr, where r r < r2

r
dE P j1p1  exp[- K 1W) dr'] dr (15)

r 
1

Here K0p1 M absorption coefficient m 
" . Now if we have a background con-

centration p0 with an emission coefficient Jo, the expression for the

brightness which the receiver sees is

r p r

B J(r) p(r) exp[- Kp(r') dr'] dr , (16)

0 0

0[ - exp(-KP0r1)] + -L [exp(-Kp0r )][I - exp(-Kp1 (r2 -r)
41TK 4wK

Jo
+ -- [exp(-Kp0r1)][exp(-Kp1 (r2-r1))]1 - exp(-KP0 (r -r 2))],

47rK

(17)

where

j(r) =J for 0 < r < r, r 2 < r < r

= j, for r, < r < r

P(r) 0  for 0 < r < r, r 2 < r < r

- p1  for rI < r < r2

and where r is the range for which the background concentration exists.P

The quantity J/47K is called the intrinsic brightness of the medium.

Now when the receiver is pointed toward an adjacent portion of the sky
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which does not contain the stack plume, the expression (17) with pliJ

replaced by P0,J0 everywhere will give the brightness. If Jl >> J0,

the major cause of sensitivity loss is the factor exp(-Kp r1 ), which

causes the second and third terms to diminish relative to the first term.

Let's apply expression (17) to the NO receiver previously charac-

terized. On a smoggy day in the Los Angeles basin the background NO

concentration is around 0.1 p.p.m. Assume a stack is 1 kilometer

from the receiver, and the concentration, temperature, and path depth

of the NO emissions are 100 p.p.m., 390*K, and I meter. If r = 10P

kilometers, then

B - .02(B290) + .02(B 390) + 0.2(B 290)

where BT is the brightness of a T *K blackbody. B390  10 B290 , so the

signal when the receiver is pointed at the stack is approximately

twice that of the signal received when the receiver is looking at an

adjacent portion of the sky, and the change in signal is about twice the

size of the noise level. In this case the factor exp(-Kp0 r1) is very

small, and the presence of the background concentration has negligible

affect on the receiver sensitivity. We have not included other sources

of attenuation or atmospheric turbulence effects here. These effects

would further attenuate or degrade a signal received from large distances,

and they would depend on weather condictions such as humidity. However,

these sou-ces of interference should not be bothersome for distances up

to a few kilometers.

The heterodyne radiometer receiver might also be used to sense

background concentration levels of various pollutants. This type o-
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remote detection system requires a low power laser, producing a cw output

of a few milliwatts, and it offers relative simplicity when compared

with other remote laser sensor systems.

The Remote Fluorescence Detector

Using a high power pulsed Laser transmitter and a receiver with

range gating circuitry, one can lock at the fluorescence or Raman

scattering return signal from a localized region of the atmosphere and

determine concentrations of various molecular constituents in those

regions. The return signal power is given by the equation:

R R

Pr(R) - Pt exp( - e (r,X +)dr) O(R)L Ae R exp(- f a(rxr dr) (18)

0 0

where Pt = transmitter pulse power,

a (r,X) - extinction coefficient at range r for wavelength A,
e

R - range,

A e effective receiver aperture,

O(R) - G-P(R) - volume scattering or fluorescence coefficient

0 = scattering or fluorescence cross section,

P(R) - density of constituent,

L - the range increment from which signals are simultaneously

received at a given time. For scattering systems this

equals cT/2, -where T is the laser pulse duration. For

fluorescence systems T is the larger of the pulse duration

and the effective fluorescent lifetime.

A & XrA wavelengths of the transmitted and received signals,

respectively.
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The values of a for Raman scattering are highest when ultraviolet

laser sources are used, due to the V4 dependence on the exciting fre-

quency. There is also a possibility of resonant Raman scattering if the

lase. exciting frequency falls near a resonant frequency in an electronic

absorption band of a molecule. Two popular high power pulsed laser

sources in this spectral region are the N2 laser emitting at X = 3371 A,

0

and the frequency doubled ruby laser emitting at X = 3472 A.

Only if the Raman scattering process is resonant or near resonant

will the cross sections be large enough to compare with fluorescence

cross sections, even when quenching of fluorescence by atmospheric con-

stituents is taken into account. Consider Raman scattering cross

sections for the CO molecule. The long wavelength edge of the CO elec-

0

tronic absorption bands lies around 2000 A; with existing high power

laser systems this precludes the possibility of a resonant Raman

effect. The Raman scattering cross section for CO when the doubled ruby

laser is used is about 3 x 10- 29 cm2 [28]. The Raman cross section foi

NO, whose strong electronic absorption bands lie at wavelengths less

than 2300 1, is probably of the same order of magnitude around 3400

as that of CO. The molecule SO2 has a very weak electronic band
0

between 2600 A and 3400 X. Thus the possibility of a resonant enhance-

ment of Raman scattering exists below 3400 X. Raman scattering has

not been observed with NO2 because it absorbs and fluoresces throughnLt

most of the visible and ultraviolet region [29].

The fluorescence cross sections for molecules which are resonantly
-9 2

excited by infrared radiation are of the order of 10 cm , if the

infrared absorption is strong, as is the case for those molccules listed

I i
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in Table I. The fluorescence radiation consists of a number of lines

covering a spectral region at least as wide as that of the abcorption

band. Quenching of this fluorescence due to collisional relaxation

can reduce the cross section by several orders of magnitude. Water

vapor is a most effective quencher if the molecule's absorption band

lies near any of its infrared bands. The probability of vibrational

relaxation of the NO v - 1 state for a collision with a ground state

H 20 molecule has been measured to be 7 x 10- 3 [30], which is quite high;

this would mean a relaxation time of about 10- 6 seconds for NO existing

in a 50Z relative humidity atmosphere. The quenching by H20 is far

faster than that of N2 or other atmospheric constituents in this case.

The radiative lifetime of the NO v - 1 state can be calculated from the

expression [31]

s k-d - -' -1(19)
f V 8Wg I  T

where S - the absorption line strength,

X0 . the radiative wavelength,

gl,82 w the upper and lower level degeneracies,

N5 a the number of atoms in the lower (absorbing) level,

T - radiative lifetime.

The radiative lifetime for a level in the v - 1 state of W) is

a few tenths of a second. Thus the quenching of NO fluorescence in this

-24 2
case reduces the fluorescence cross section to about 10 cm . The

quenching of CO fluorescence in the infrared is prebably not as great

as it is for NO because the CO vibration band lies further away from a

't
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water vapor band. The quenching of No2 infrared fluorescence by 1120

could be quite high, however.

NO2 fluorescence in the visible has been studied by a number of

people [29,32]. (Reference [32] contains fluorescence quenching data

for several molecules which are excited in the visible and ultraviolet).

The NO2 broadband visible fluorescence cross section is about 10 cm

[29], and quenching of the fluorescence when NO2 is in an atmosphere

of dry air reduces the cross section by a factor of About 30,000 (331.

quenching of fluorescence is both a bane and a boon to pulsed

user remote detection systems. It reduces the cross section by several

orders of magnitude, but it also reduces the fluroescence lifetime,

making range gating techniques possible. The fluorescence lifetimes with-

out quenching are of the order of several milliseconds at the least;

these are much too long for a system which should be capable of spatial

resolution. However the quenching process usually reduces the lifetime

to 10.6 second or less, meaning a resolution of at least 300 meters is

possible.

The use ofa high power pulsed infrared laser, such as the CO or

0O2 lasers, in conjunction with a heterodyne receiver should be .pable

of quL'" high sensitivities a a remote detector of pollutants. The

N.E.P. of a heterodyne rece.:ver using a boxcar integrator to detect

the pulses is given by (6) if we consider the effective cw power of the

return signal instead of the pulse power. Using (6) and (18) we calculate

that a system vith B F M 109 Hz, T - 30 sec., Pt 2 kilowatts, pulse

-l 2
duration of 500 nsec.. pulse repetition rate of 400 

sec , and A e I m

can detect a concentration of 0.1 p.p.s. NO in a 300 Peter path length
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at an average range of 1 km, if the relative humidity is 502. The

heterodyne receiver can only detect the fluorescence radiation occuring

at one line because of its narrow spectral bandwidth. Since fluorescence

from molecules such as CO and NO is mainly distributed among about 50

lines, the cross sections used in equation (18) should be reduced by this

factor. For the wavelengths at which the heterodyne receiver is sensi-

tive, it is fundamentally limited in sensitivity by photon noise. This

is true also for a photon counting type of receiver in the visible or ultra-

violet, Although background radiation can also decrease the sensitivity

of a photon counting system. Since the photon noise is about a factor

of 10 larger in the visible or ultraviolet region than it is in the

infrared, the ir heterodyne receiver is inherently more sensitive over

its narrow spectral range.

The CO and CO2 infrared lasers promise to be useful in remote

pollution detection sy..ems which respond to direct absorption, thermal

emission, or fluorescence. The pollutants which can be selectively

detected in this manner include NO, NO2, * so2 and 03. It to also

quite possible to use these or other infrared Lasers to detect certain

hydrocarbons in the atmosphere [3). Sensitivities using these systems

compare favorsb' with lnan scattering idar systems while simultaneously

requiring lees laser power. The thermal emission heterodyne radiometer

would appear to be useful in monitoring smok. stack effluents remotely,

while a lidar system based on fluorescence would be capable of making

certain ambient atmospheric concentration measurements.
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TABLE I

Overlap Between Iget k ' g Molecular Abborytion Lb"

Center of IR Concentration
Pollutant Absorption Band Reference Laser Line Reference necessary for 1%

absorption in a
100 meter path

NO 5.3 (6] CO: 7-6, P(13) [71 0.5 p.p.m.
7-6, P(15) (7] 0.3 p.p.m.
9-8, P(9) [7]
9-8, P(13) [7]
9-8 P(23) (4] 1.0 p.p.m.

10-9, P(17) [4] 1.0 p.p.m.

NO CO2 (doubled):
0091 0 1000,

P(8) (il] 0.5 p.p.m.
P(24) [11] 0.5 p.p.m.
R(8) [11]
R(10) (11]

NO2  6.2 (8] CO: 18-17, P(13) [7]
19-18, P(8) (7]
20-19, P(6) [7] 0.5 p.p.m.
20-19, P(1O) [7] 0.5 p.p.m.
22-21, P(10) (7]
23-22, P(8) [7]
23-22, P(11) (71

SO2  7.4 [9] CO: 30-29, P(9) (10]
30-29, P(10) (10]
31-30, P(9) [10] Z 1 p.p.m.
31-30, P(11) [10]
32-31, P(5) [10] l 1 p.p.m.
32-31, P(6) (10] Z 1 p.p.m.
32-31, P(3) [10]
32-31, P(10) [10]

CO 4.7 [7] CO2 (doubled):
0001 0200,

P(20) (11] 0.05 p.p.m.
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Figure Captions

Figure 1: Diagrams of direct absorption and thermal emission
radiometer techniques of detecting air pollutants.

Figure 2: Diagram of a system which is sensitive to fluorescence
induced by the laser transmitter.

Figure 3: A heterodyne receiver system. For larger collection
apertures, a reflecting mirror system would replace this
lens system.

Figure 4: Sensitivity limits of a heterodyne radiometer to nitric
oxide, assuming the mixer quantum efficiency n - .
The ordinate is concentration-path depth product, given
in atmosphere-cencimeters. The abscissa is the band-
width-integration time product. The solid line denotes
an NO temperature of 440 *K, the short dashed line
denotes 390 *K, and the long dashed line denotes 350 *K.
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